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ABSTRACT
The H.E.S.S. collaboration revealed the presence of a very high energy (VHE) dif-
fuse emission in the inner 100pc of the Galaxy in close correlation with the Central
Molecular Zone (CMZ). Recently, they deduced from this emission a cosmic-ray (CR)
over-density in the region with a local peak toward the Galactic Center (GC) and pro-
posed a diffusive scenario with a stationary source at the GC to explain it. However,
the high supernovae (SN) rate in the GC must also create a sustained CR injection in
the region via the shocks produced at the time of their explosion. Considering typical
diffusion coefficient close the interstellar medium (ISM) value yields to a diffuse es-
cape time much lower than the recurrence time between each SN explosion, showing
that a steady state model will fail to reproduce the data. This work aims to study
the impact of the spatial and temporal distribution of SNs in the CMZ on the VHE
emission morphology and spectrum: we build a 3D model of VHE CR injection and
diffusive propagation with a realistic gas distribution. We show that a peaked γ-ray
profile towards the GC can be obtained using realistic SN spatial distribution taking
into account the central massive star cluster. We conclude that the contribution of
SNs can not be neglected, in particular at large longitudes, however an additional CR
injection at the GC is required to reproduce the very central excess.
Key words: (ISM:) cosmic rays – ISM: supernova remnants – gamma-rays: ISM –
Galaxy: nucleus
1 INTRODUCTION
An excess of CRs was discovered in the center part of our
Galaxy with the detection of a hard emission of very high
energy γ-ray (100 GeV-100 TeV) by the High Energy Stereo-
scopic System (H.E.S.S.). This diffuse emission is localized
along the Galactic plane and is extending over 2◦ in lon-
gitude and 0.3◦ in latitude (Aharonian et al. 2006). This
particular region of the Galaxy contains 1.2-6.4×107 M of
interstellar H2 gas (Dahmen et al. 1998), ∼ 10% of the to-
tal molecular mass of the Galaxy, in a rather complex setup
of dense molecular clouds (density ∼ 104 cm−3) called the
Central Molecular Zone (CMZ). The CMZ extends to 300
pc in Galactic longitude and 100 pc in latitude. The close
correlation between the VHE γ-ray emission and the target
material suggests that the dominant component of the ridge
is due to the interaction of relativistic cosmic-rays (CRs)
with protons of the ambient medium. The CR density de-
duced from this emission is between 3 and 9 times higher
than the one measured on Earth and with a harder spec-
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trum, Γ ∼ 2.3. Recently, Abramowski et al. (2016) confirmed
the presence of this extended VHE emission by analysing 10
years of H.E.S.S. data. In particular, the CR profile they de-
duced from the VHE emission is peaked towards the Galactic
Center (GC) and compatible with a 1/r profile as the one
expected from a stationary pointlike injection of CR located
at the Galactic Center.
The center of the Galaxy hosts a super-massive black
hole (SMBH), SgrA?, of about 4 ·106 M (Ghez et al. 2008).
Nowadays, this SMBH is extremely inactive and is fed by the
stellar winds in this region. The resulting hot accretion flows
are radiatively inefficient and are most likely associated with
strong outflows (Yuan & Narayan 2014; Wang et al. 2013)
where the CR acceleration could take place (Liu et al. 2006).
With an actual bolometric luminosity of 1036 erg s−1 , most of
the accretion power in the Bondi region, 1039 erg · s−1 (Wang
et al. 2013), could potentially be used to accelerate CR up to
PeV energies. Abramowski et al. (2016) detailed the possible
relation between the VHE emission and a stationary central
source, as SgrA?.
The environment in the GC is often compared with the
one of a starburst system. Around 2% of the Galaxy’s mas-
© 2015 The Authors
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sive star formation occur in this region. Many Supernova
Remnants (SNR) are visible through their radio and X-ray
thermal emission (Ponti et al. 2015), and Pulsar Wind Nebu-
lae (PWN) are also numerous in this rich part of the Galaxy
(Muno et al. 2008; Johnson et al. 2009). Extrapolating the
Galactic SN rate to the GC star formation rate, Crocker
et al. (2011) expect 0.04 SN per century in the central 300 pc.
However this rate suffers from large uncertainties. The range
determined from stellar composition by Crocker et al. (2011)
goes from 0.02 to 0.08 SN per century. Counting the num-
ber of X-ray bright SNR candidates in the GC, Ponti et al.
(2015) estimated a SN rate, rSN ∼ 0.035 − 0.15 per century,
compatible with the previous estimation. This high SN rate
in the region must create a sustained CR injection via the
shocks produced at the time of their explosion. Knowing that
the kinetic energy released from a SN explosion is 1051 erg
and assuming a SN rate of 4×10−4 yrs−1, the injection power
in the GC from these sources is around 1040 erg · s−1. The γ-
ray luminosity observed by H.E.S.S. is several order of mag-
nitude lower than this input power (Crocker et al. 2011).
Therefore, any model of γ-ray emission in the region has to
take into account the propagation and the escape of CRs
injected by these multiple accelerators.
The GC harbors three compact and massive star clus-
ters: the Quintuplet, the Arches and the Central disk sur-
rounding SgrA?. Around 1/3 of the massive stars detected
in the GC are located outside of these three massive star-
burst clusters suggesting the existence of isolated high mass
star formation (Mauerhan et al. 2010). However these iso-
lated stars could have been kicked out from the Arches or
the Quintuplet cluster due to their dynamics (Habibi et al.
2014). The presence of these young clusters at the center
indicates that even if the real SN spatial distribution is un-
known, it is clearly non uniform and concentrated in the
inner 30 pc. Therefore it could also create a CR density
peaking towards the GC.
This work aims to study the impact of CR accelerated
by the SNRs on the VHE emission observed in the inner 200
pc of the Galaxy. We want to emphasize that any scenario of
CR injection at the center (Macias et al. 2015; Abramowski
et al. 2016) cannot be studied separately from these SNR
contributions. Following the work of Yoast-Hull et al. (2014)
or Macias et al. (2015), we first model the overall emission
due to these sources with a one zone stationary steady state
scenario in section 2. We compare the case of an advective
or a diffusive CR escape from the GC considering typical
diffusion coefficient values in the interstellar medium (ISM).
Because of the large diffusive escape time compared to the
SN rate, we conclude that steady state cannot be assumed.
We then explore the impact of the actual matter and SN
spatial distribution by building a 3D model of CR and gas
distribution in the section 3. Finally, in section 4, we present
and discuss the results obtained with this 3D model. In par-
ticular, we study how the spatial distribution of these CR
accelerators throughout the CMZ contributes to the CR ex-
cess seen by H.E.S.S. and compare it to a stationary source
at the center such as, possibly, SgrA?.
2 ONE ZONE STEADY STATE MODEL:
ADVECTION VS DIFFUSION
In this section, the CR population arising from the multi-
ple SNe in the GC is produced using a one zone steady state
model following the work of Yoast-Hull et al. (2014); Crocker
et al. (2011). In these studies, the presence of a perpendic-
ular high speed wind, from 400 to 1000 km s−1, is required
for the CRs to escape. Taking common value for the diffu-
sion coefficient in the ISM, we argue that a diffusive escape
is dominant over the advective escape. In addition, the ob-
served γ-ray luminosity is compatible with the high SN rate
in the region in a diffusive scenario. In this case, the non
stationary effects cannot be neglected.
2.1 Advection: energy independent escape
We consider a steady state CR injection in a box. The CRs
escape from the box due to the advection of a perpendicu-
lar wind of speed v on a length scale H (τadv = H/v). We
consider a typical scale for CRs to escape of H = 50 pc. In a
steady state scenario:
Q − N
τadv
= 0 (1)
where N is the total number of CRs per energy unit (TeV−1)
and Q the spectrum injected per unit of time assumed to be
distributed as a power-law, Q = Q0×E−p. The normalisation
Q0 of the spectrum is given by the SN injection rate assum-
ing that they accelerate CR between 1 GeV and 1 PeV:
∫ 1 PeV
1GeV
Q0 × E−p dE = η Ek rSN
where Ek is the total energy released at the SN explosion, η
the efficiency of CR acceleration and rSN the SN rate.
The VHE γ-ray emission observed with H.E.S.S.
presents a hard spectrum with an index Γ of 2.3 (Aharo-
nian et al. 2006; Abramowski et al. 2016). The advection
being an energy independent process, it doesn’t modify the
spectral index. Taking into account the spectral hardening
due to pion production and decay (Kafexhiu et al. 2014), the
data are well reproduced by a power law injection of index
p equal to 2.45. Considering this spectral index, we deduce
from the relation above:
Q0 = 4 × 1036 TeV−1s−1
( η
10%
) ( Ek
1051 erg
) (
rSN
10−4 yrs−1
)
The γ-rays luminosity produced by these CRs , Lγ(>
200GeV), is related to the total energy of CRs (erg), Wp(>
2 TeV)=
∫
>2 TeV NEdE, by the following relation:
Lγ(> 200GeV) ∼
Wp(> 2 TeV)
τpp−>pi0
where τpp−>pi0=4.4×1015
(
n
1 cm−3
)−1
sec is the proton en-
ergy loss time scale due to neutral pion production in an
environment of hydrogen gas of density n (Aharonian 2004).
Hence we have:
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3Lγ = 3.4×1035 erg · s−1
( η
10%
) ( Ek
1051erg
) (
rSN
10−4 yrs−1
) (
H
50 pc
)
×
(
v
103 km/s
)−1 ( n
100 cm−3
)
(2)
in good agreement with the measured γ-ray luminosity
reported by Aharonian et al. (2006), Lγ=3.5 × 1035 erg · s−1.
Here we take a typical value for the gas density n of 100 cm−3
as expected considering typical size and total mass estima-
tion of the CMZ (Ferrie`re et al. 2007) as discussed above.
Regarding the uncertainties of the total mass estimations of
the CMZ, this density can vary from a factor 2 to 4.
Even by considering a very large wind speed of 1000
km/s, the recurrence time between each SN explosion τSN
has to be around 104 years (rSN =1/τSN = 10−4 yrs−1), in or-
der not to overproduce the total γ-ray luminosity observed
by H.E.S.S.. This value is high compare to several estima-
tions by Yoast-Hull et al. (2014); Crocker et al. (2011). How-
ever some studies estimate a rather low star formation rate
(SFR) in the CMZ (Koepferl et al. 2015; Longmore et al.
2013) leading to a SN rate compatible with the previous
value of rSN = 10−4 yrs−1 assuming a standard IMF (Kroupa
2001b). However, the IMF in the GC may be different from
the standard one. With a more top heavy IMF, the SN
rate deduced from the SFR could be higher. In particular,
using the observed IMF and the total mass estimated of
the central part of the massive star clusters, the Quintuplet
and the Central cluster, we already find a SN rate around
0.3 − 1.2 × 10−4 yrs−1 (see section 3.1). Therefore, based on
the rate already found in each of the two massive star clus-
ters of the region, a SN rate of rSN = 10−4 yrs−1 in the GC
seems really low but it belongs to the lower edge of SN rate
estimations.
Moreover, to reproduce the spectral index of the γ-ray
spectrum (Aharonian et al. 2006), we have to consider an
injection spectrum with an index p equal to 2.45 which is
rather soft for particle acceleration at SNR shock. The CR
escape is not sufficiently fast when considering the advection
only.
In the section 2.2, we discuss the case of a diffusive
escape which is dominant over an advective escape if con-
sidering a common diffusion coefficient value.
2.2 Diffusion: energy dependent escape
When modelling an energy dependent escape by diffusion,
the value chosen for the diffusion coefficient is critical. For
the GC, its value is unknown. Several studies (e.g. Wommer
et al. 2008) tried to estimate its value numerically by sim-
ulating particle trajectory in a totally turbulent magnetic
field through which the hadrons must diffuse. As expected
for strong turbulent magnetic field, the coefficient derived is
very small and excludes the possibility of a diffusive escape.
Indeed at these low values the advection is more competitive
than the diffusion (Casse et al. 2002). This is why they ruled
out the possibility of localized source accelerators like the
central black hole or the SNe along the disk and concluded
with the necessity of diffuse stochastic particle acceleration.
However, several independent observations reveal the
presence of a relatively strong and ordered magnetic field
throughout the CMZ (Ferrie`re 2011; Morris 2014). In the
intercloud medium, on average the magnetic field is poloidal.
Indeed, numerous non thermal radio filaments (NRFs) have
been detected, most of them oriented perpendicularly to the
Galactic plane. The strong polarization of their synchrotron
emission indicates that the magnetic field points along the
filaments. This large scale structured magnetic field in the
GC indicates the possibility of higher diffusion coefficient
values (Casse et al. 2002).
In this section, we assume a power-law diffusion coeffi-
cient: D = D0(E/10 TeV)d. The dependence d of the diffusion
coefficient depends on the power spectrum of turbulence of
the B field. We assume a Kolmogorov spectrum which gives
a diffusion coefficient index d = 1/3.
The diffusion time is given by τdi f f = H2/(4 × D). A
common value of the diffusion coefficient at 10 GeV in the
Galactic ISM is D10GeV ∼ 1028 cm2s−1 (Berezinskii et al.
1990). For this usual diffusion coefficient and a proton at
1 TeV, the diffusion is already more competitive than the
advection since τdi f f < τadv . In the following, we will nor-
malize the diffusion coefficient at 10 GeV, D0, in order to
have a value of 2×1029 cm2s−1 at 10 TeV close to ISM values
(Gaggero et al. 2014; Trotta et al. 2011) 1. Since the escape
is energy dependent for the diffusion, to reproduce the VHE
γ-ray spectrum, the proton spectral index p is fixed to 2.15.
The γ-ray luminosity is given by:
Lγ(10 TeV) = 3.2×1035 erg s−1
( η
10%
) ( Ek
1051 erg
) (
rSN
5 × 10−4 yrs−1
)
×
(
H
50 pc
)2 ( D0
2 × 1029 cm2s−1
)−1 ( n
100 cm−3
)
(3)
Compared to the advective escape, the proton spectrum
injected is harder and the power injected is more uniformly
distributed over the proton spectrum. With the softer spec-
trum such as the one we have to assume in the advection
scenario, most of the power is injected in the low energy
part. Therefore it artificially minimizes the problem of the
overproduction of the total γ-ray luminosity at the high en-
ergy part of the spectrum. The high energy protons escape
faster from the box when considering this energy dependent
escape time. As a result, the recurrence time for the SNe
has to be lower than for the advective escape. To match the
measured TeV flux, the rate has to be around 5×10−4 yrs−1,
in the typical range of the SN rate estimations in the GC
(see section 1).
2.3 Spectral Energy Distribution for the
advective and diffusive escape
We compare the multiwavelength spectral energy distribu-
tion (SED) for these one zone steady state models in the case
1 We choose a conservative value for the diffusion coefficient at
10 TeV. Knowing the magnetic field in the GC is higher than
in the general ISM, we expect a diffusion coefficient at the lower
boundaries of the one found in Gaggero et al. (2014); Trotta et al.
(2011) since it depends of the magnetic field strength (Berezinskii
et al. 1990).
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of an advective escape (section 2.1) or diffusive escape (sec-
tion 2.2) with existing radio, GeV and TeV data. In order
to obtain these SEDs, we have to solve the kinetic equation:
δN
δt
=
δ
δγ
(PN) − N
τ
+Q (4)
where N is the spectral particle density, γ is the particle
Lorentz factor, P the energy loss rate, τ the loss time-scale
and Q the source spectrum.
We used the software package GAMERA (Hahn 2015).
The energy loss processes taken into account are the ion-
ization, synchrotron, bremsstrahlung, inverse compton (IC)
and inelastic pp scattering. We assume a maximum accel-
eration energy of 1 PeV for the protons and 1 TeV for the
electrons since radiative losses are expected to be already
very strong for 1 TeV electrons. Both in the advective or
diffusive scenari, the efficiency for CR acceleration is fixed
to 10% of the kinetic energy released from a SN explosion
and the ratio electrons/protons is assumed to be 1%. As
considered in the previous sections 2.1 and 2.2, the typical
scale H for CRs to escape is 50 pc. For the IC, we considered
two target photon populations as Yoast-Hull et al. (2014):
an optical radiation field (T=5000K) with an energy den-
sity of 60 eV cm−3 and a far infrared radiation field (T=21
K) with an energy density of 15 eV cm−3.
Outside the NRFs, the diffuse radio emission shows a
downward break at 1.7 GHz that constrains B > 50 µG
(Crocker et al. 2011). However, the magnetic field in the gen-
eral ISM could be close to the equipartion with the cosmic-
rays, Beq ≈ 10 µG (LaRosa et al. 2005). We use different
magnetic field strengths between 10 and 100 µG. Whatever
the value, the IC is never dominant for the GeV and TeV
domain.
For the advection case, we assume a power-law for the
parent particles population, protons and electrons, with a
spectral index p of 2.45. The SED is represented on Figure 1
(top panel) with the GeV data points from Macias & Gordon
(2014) and the TeV data from Aharonian et al. (2006). By
assuming a magnetic field arnd 30 µG, intermediate value of
the magnetic field estimations in the general ISM (Crocker
et al. 2011; LaRosa et al. 2005), we ensure that the model
matches with the γ-ray spectrum observed at TeV energies.
To do so, as shown above, we have to consider a quite large
SN recurrence time around 104 years.
The figure 1 (bottom panel) represents the SED for a
CR escape due to the diffusion with a power-law diffusion
coefficient: D = D0(E/10 TeV)d with D0 = 2 × 1029 cm2s−1
and d = 0.3. For diffusive escape, the injection spectrum is
harder with a spectral index of 2.15 increasing the IC and
bremsstrahlung components of the total SED. As empha-
sized in the section 2.2, the diffusion model matches well
with the γ-ray spectrum observed at TeV energies by as-
suming a smaller SN recurrence time of 2 × 103 yrs closer
to some GC estimates (e.g. Crocker et al. 2011; Ponti et al.
2015).
For the diffusive or advective scenario, we do not
attempt to explain the synchrotron emission because of
the multiple phenomena to be taken into account (self-
absorption, thermal emission etc) and because the magnetic
field is likely highly non uniform making the box model very
Figure 1. Spectral energy distribution (SED) of the Galactic
Ridge for a steady state scenario. The CR escape is due to the
advection of the perpendicular wind of speed 1000 km/s on a 30
pc scale on the top panel and to the diffusion on the bottom panel.
We assume a power-law diffusion coefficient: D=D0(E/10 TeV )d
with D0=2 × 1029 cm2s−1 and d=0.3. The spectral index of the
parent particle population is fixed to 2.45 in the top panel and
2.15 in the bottom panel. The SN recurrence time is fixed around
104 years in the top panel and 2×103 years in the bottom panel. For
the IC, we considered two target photon populations: an optical
radiation field (T=5000K) with an energy density of 60 eV cm−3
and far infrared radiation field (T=21 K) with an energy density
of 15 eV cm−3. We assume an efficiency for CR acceleration of
10% of the kinetic energy released from a SN explosion, Ek=1051
erg, and a ratio electrons/protons equal to 1%. The interstellar
medium density is equal to 100 cm−3 and the magnetic field to 30
µG.
unlikely. We simply ensure we do not over predict the radio
data points from Crocker et al. (2011).
Considering coefficient diffusion consistent with values
deduced from local observations, the diffusive escape is much
more dominant over an advective escape at these VHE en-
ergies. While the advective scenario requires SN rates in
the lower ranges of estimates, the diffusive scenario requires
larger rates well within the range. However, for the typical
estimate of the SN rate found though the diffusive approach,
the SN recurrence time is larger than the escape time, even
MNRAS 000, 1–10 (2015)
5for the low energy part of the proton spectrum. Therefore,
a stationary state is not reached and one cannot use this
approximation for modelling the SNRs in the GC. In the
following sections, we will consider a non steady state ap-
proach. We investigate the impact of the sources distribution
on the γ-ray emission morphology and CR profile with a non
uniform source distribution in a 3D non steady state model.
3 A SIMPLE TIME DEPENDENT 3D MODEL
OF CR INJECTION AND GAMMA-RAY
PRODUCTION
In this section, we describe the 3D distribution of CR im-
pulsive accelerators and gas that we build to explore the
impact of the actual matter and SN spatial distribution on
the resulting γ-ray emission.
3.1 Distribution of CR accelerators
As mentioned in the section 1, one of the key point for study-
ing the CR distribution is the temporal and spatial distri-
bution of the impulsive CR accelerators filling the GC.
Up to now, more than 100 Wolf-Rayet (WR) stars and
O supergiants have been spectroscopically identified in the
Galactic Center region (Mauerhan et al. 2010). These stars
are spread throughout the CMZ probably due to high iso-
lated massive star formation occurring in the region (Mauer-
han et al. 2010). Therefore a significant fraction of SNe has
to be broadly distributed over the CMZ.
A fraction of these massive stars are located in the
known cluster members: the Quintuplet, 3-5 Myrs (Najarro
et al. 2004), the Arches, 2-3 Myrs (Figer et al. 1999) and
the central disk surrounding SgrA?, 4-6 Myrs (Liu et al.
2013). SNRs and PWNs have been observed in the Quintu-
plet (Heard & Warwick 2013; Ponti et al. 2015). Two rel-
atively young neutron stars have been recently detected in
the Central disk: the one likely powering the PWN candi-
date G359.95-0.04 close to SgrA? (Wang et al. 2006) and
the magnetar SGR J1745-2900 (Mori et al. 2013). Consid-
ering the age of the last two clusters and the detection of
sources resulting from massive star explosions, recent vio-
lent phenomena capable of injecting high energy CR such
as SN have already occurred in these clusters. The spatial
distribution is therefore non uniform.
In order to model correctly the SN rate in the various
spatial components, we have to estimate the SN rate in the
clusters. With an estimated age of 2-3 Myrs (Figer et al.
1999), the Arches cluster has probably not experienced any
supernova. We therefore do not include a concentration of
SNe at this position. The central part, r . 0.5pc, of both
the Quintuplet and the Central disk present a top heavy
IMF with a slope α ∼ 1.7 (Lu et al. 2013; Hußmann et al.
2012) much flatter that the traditional Salpeter one α = 2.35
(Kroupa 2001a). The total masses estimated in these central
regions are respectively ∼ 6 × 103M above 0.5M for the
Quintuplet (Hußmann et al. 2012) and ∼ 14 − 37 × 103M
above 1M for the Central disk (Lu et al. 2013). Using the
Starburst99 code (Leitherer et al. 1999; Va´zquez & Leitherer
2005) with the previous IMF and total mass estimations, we
can estimate a SN rate in the central part of these clusters.
We find 0.3×10−4 for the Quintuplet and 0.3−1.2×10−4 yrs−1
for the central disk. For the outer parts of these clusters,
since the mass segregation that will occur at different radii
will change the IMF, the extrapolation on the SN rate is not
linear and therefore uncertain.
To model the CR injected by these individual SNRs
spread in the CMZ, we generate impulsive sources dis-
tributed according to a Poisson law of recurrence time
τ=2500 years based on the central value estimated by
Crocker et al. (2011). The spatial distribution is composed
of two components. A component where the SNs are uni-
formly distributed in a cylinder of 150 pc radius and 10 pc
height. In addition to the uniform distribution, we assume
a concentration of the SNe in the compact and massive star
clusters. The SN rate in both clusters (8×10−5yrs−1) is com-
patible with the one previously determined from physical
observations.
3.2 Particle propagation
We model the CR propagation in the GC assuming an
isotropic diffusion. The global CR propagation in the inter-
stellar medium is then described by the simplified transport
equation (Berezinskii et al. 1990):
∂ f
∂t
+ (®u · ®∇) f + D∆ f = Q (5)
where Q, D∆ f and (®u · ®∇)f describe respectively the CR in-
jection, the spatial diffusion and the convection.
We consider a power-law diffusion coefficient (section
2.2) and we assume the typical d = 0.3. As discussed in sec-
tion 2.2, a high diffusion coefficient is likely and we assume
here a value of 2× 1029 cm2s−1 at 10 TeV, making advection
negligible in the considered energy range. The injection is as-
sumed to be point-like both in time and space. For simplicity,
we neglect acceleration of electrons since their contribution
should probably be negligible. The 3D Green function, ob-
tained assuming a CR density equal to zero at r = +∞, gives
the solution for an impulsive accelerator as the SNRs. We
also investigate the scenario of a single accelerator at the GC
to follow the interpretation of Abramowski et al. (2016) of
the CR profile inferred from the γ-ray data. Integrating the
previous Green function gives the solution for a continuous
source (Berezinskii et al. 1990).
We assume a power-law CR injection: NoE−aδ(r −
r0)δ(t0) for the impulsive injection and Noδ(r − r0)E−aH(t0)
for the stationary source with a spectral index a equal to
2 since this value is typical for diffusive shock acceleration.
Time dependent CR escape from the SNR shock is not taken
into account. SNe are modelled by impulsive CR injections
all emitted at the same time whatever their energies.
There is a limit to the isotropic diffusion for small dis-
tances around the source. The mean free path, rmfp = 3D/v,
of the random walk characterizing the particle diffusion
along the magnetic field lines can reach 100 pc for the highest
CR energy simulated (1 PeV). For this energy, the mean free
path is of the order of magnitude of the box size. Therefore
the diffusion approximation for this distance is wrong and
we need a better description of CR propagation and of the
γ-ray flux they produced in a ballistic regime where particles
are barely scattered and their distribution is not isotropized.
MNRAS 000, 1–10 (2015)
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Here we adopt a simple modification of the diffusion equa-
tion solution on short distances: we fix a constant value of
the CR density for the distances r < ro = 3 × rmf p equal to
the CR density at r = ro. This approach neglects the γ-ray
emission from the non-isotropized CRs. The contribution of
the latter should appear as a weakly extended source. This
simple approach allows to better take into account the dif-
fuse γ-ray emission in the vicinity of a stationary accelerator.
3.3 Matter distribution
As mentioned in the section 1, the CMZ contains around
10% of the total molecular mass of the Galaxy in a rather
complex setup of dense molecular clouds. Around 40% of
the matter in the molecular clouds are spread in four main
complexes: Sgr A, Sgr B, Sgr C and the 1.3 complex (located
to the Galactic east from Sgr B). An additional widespread
high-temperature and lower density diffuse molecular com-
ponent has also been observed (Dahmen et al. 1998).
The molecular line like CS or CO are the main trac-
ers of the dense cores of molecular gas. However, since our
knowledge of the true gas kinematics in the GC is very lim-
ited, the methods used to convert the measured line of sight
(LOS) velocity into a radial distance are unreliable. In order
to model the 3D γ-ray distribution produced by the interac-
tion of the CRs with the matter in the GC, one has to build
a coherent 3D matter distribution. We will rely on the work
of Sawada et al. (2004) and Ferrie`re et al. (2007).
Ferrie`re et al. (2007) built a 3D matter model, valid for
the innermost 3.0 kpc of our Galaxy, for the different gas
components (molecular, atomic and ionized) that best fit
the observational data and is consistent with the theoretical
predictions. They provide, an analytical expression for the
elliptical shape of the CMZ using the work of Sawada et al.
(2004) as the first building block of their model, in particu-
lar for the center of the ellipse. Sawada et al. (2004) derived
a face-on map of the molecular gas without any kinemat-
ics assumption at a Galactic latitude b equal to 0◦. Their
work rely only on the comparison of molecular line surveys:
the CO 2.6-mm emission with the OH 18-cm absorption.
The GC is itself an intense diffuse 18-cm continuum region.
Therefore, the OH line traces preferentially the matter in
front of the GC where the OH absorption will preferentially
arise whereas the CO line traces the molecular gas equally in
the whole CMZ. They assume an axi-symmetric distribution
for the OH continuum emission.
Assuming an intermediate total mass value of 4 × 107
M, we can convert their face-on view intensity map in a
density map assuming a same scaling factor in the whole
CMZ. As no information on the H2 vertical gas distribution
is provided, following Ferrie`re et al. (2007), we assume a
gaussian decay along the Galactic latitude (top panel of the
figure 2 ). For the atomic gas, we used a HI mass around 10%
of the H2 mass in the CMZ using the spatial distribution
in Ferrie`re et al. (2007). The face-on view of our model is
represented on the figure 2 (top panel) and the top view
of our model at a latitude b = 0◦ seen from the direction
of the north Galactic pole on the figure 2 (bottom panel).
The matter is more spread along the line of sight at larger
longitudes.
Figure 2. (Top) The resultant molecular face-on view of the
Galactic Centre and (bottom) The resultant molecular top view
of the Galactic Centre at the Galactic latitude b = 0◦ seen from
the direction of the north Galactic pole. The region where we
draw the spatial distribution of the SNs: a cylinder of 150 pc
radius and 10 pc height for the uniform component (white circle
on the low panel and white box on the top panel), as well as
the position of the Central Cluster and the Quintuplet where we
assume a concentration of these sources.
3.4 3D model: setup and physical parameters
We simulate the injection and propagation of CRs from 1
TeV to 1 PeV in a 3D box of size 500 pc × 500 pc × 50 pc
centered on the GC. For the impulsive CR accelerators tem-
poral distribution, we don’t consider sources with an age
< 1 kyr since no younger SNR has been observed within the
GC. We only keep sources with an age < 100 kyrs since
for older events the CR density becomes negligible. The ta-
ble 1 contains the different physical parameters used in our
model. The total γ-ray flux produced by the pp interaction is
obtained by integrating the analytic shape given by Kelner
et al. (2006) for this interaction with the CR spectrum and
the 3D matter distribution (section 3.3) over all the energies
of the incident CRs.
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7Table 1. Physical parameters values used in our 3D model of the
CR injection and propagation.
Model Parameters Values
Proton spectral index 2
Emax of the injected proton
spectrum
1 PeV
Box size 500 pc × 500 pc × 50 pc
Total gas mass 4 × 107 M
D0 (10 TeV) 2 × 1029 cm2s−1
Spectral index of the diffusion
coefficient (d)
0.3
ESN 1051 erg
SN recurrence time 2500 yrs
4 RESULTS AND DISCUSSION
In this section we compare our model predictions to HESS
data, both spectrally and morphologically. To do so we com-
pute the total γ-ray spectrum predicted in the region as well
as the expected γ-ray and reconstructed CR 1D profiles.
4.1 γ-rays: spectral distribution
On Figure 3, we compare the γ-ray spectrum in an annu-
lus centred on SgrA? with inner and outer radii of 0.15◦
and 0.45◦ for a stationary source at the GC and for multi-
ple impulsive injections throughout the GC. For the latter,
we generate 100 temporal and spatial distributions of CR
accelerators. The spectrum is the median of the previous
one hundred Monte Carlo (MC) realizations as well as the
dispersion around this median. Using reasonable parameters
on the SN rate and the particle diffusion, both our models
reproduce the total spectrum observed with H.E.S.S. in the
region (Abramowski et al. 2016).
For the stationary source, we have to assume a power
for CR acceleration around 1038 erg ·s−1. This power is of the
same order of magnitude than the one found by Abramowski
et al. (2016) considering that the γ-ray emission of the cen-
tral source HESS J1745-290 is due to CRs in a ballistic
regime interacting with the matter in the central cavity.
Moreover, it represents 10% of the Bondi accretion power
(Wang et al. 2013) so this value seems plausible. For the
SNe, we have to consider a relatively low acceleration effi-
ciency of 2% of the kinetic energy released from a SN ex-
plosion, Ek=1051 erg. Considering a higher efficiency close
to 10%, as commonly used for SN acceleration, the resulting
γ-ray flux from the SNe is larger than the observations. It is
possible to decrease this flux by adjusting the values of other
parameters of the model. We can lower the SN rate compare
to the central one estimated in Crocker et al. (2011) but it
will be in the lower range of the estimated SN rates. We can
consider a lower molecular mass for the CMZ at the lower
boundaries of the different total mass estimations.
Exploring the variances of different input parameters of
the model as the SN rate (10−4−10−3 yrs−1) or the total mass
of the CMZ (1.2-6.4×107 M), in order to reproduce the to-
tal γ-ray flux, the efficiency for the CR acceleration goes
from 0.5% to 20%. Any larger efficiency value will overpro-
duce the flux. The upper edge is still in the order of mag-
nitude of the common acceleration efficiency expected for
Figure 3. Median of the spectrum generated from 100 SN tempo-
ral and spatial distributions (blue line) as well as the dispersion
around the median and the spectrum from a stationary source
at the GC (red). Both are extracted from an annulus centred at
SgrA? with inner and outer radii of 0.15◦ and 0.45◦. HESS flux
points from Abramowski et al. (2016) are shown in black.
the SNRs. The lower edge seems really low, it’s difficult to
explain why the CR acceleration in the SNRs will be so inef-
ficient. Even by taking into account the incertitudes of some
input parameters, the SN contribution is a significant frac-
tion of the total VHE flux. For certain values of the input
parameters, if we do not consider extremely low CR acceler-
ation efficiency values in the SNR, they already overproduce
the total flux.
4.2 Morphology emission
4.2.1 γ-ray profile
The 1D profile along the Galactic longitude resulting from a
stationary source located at the GC obtained by integrating
the predicted emission for latitudes |b| < 0.3◦ is represented
in red in Figure 4 (top panel). Considering the deficit of
VHE emission beyond 100 pc (in particular at l=1.3◦) rela-
tive to the available target material, Aharonian et al. (2006)
concluded to an impulsive injection at the center 10 kyrs
ago. Here, the γ-ray profile drops at |l | > 1.3◦ as the result
of the integration of CR density with a more spread matter
distribution along the line of sight as observed in the Figure
2 (bottom panel).
Figure 4 (bottom panel) represents the median of the
1D profile of the 100 MC realizations as well as the disper-
sion around this median for the SNe distributions. Taking
into account a realistic spatial distribution for the SNe with
a concentration in the central clusters in addition to the
uniform distribution (blue curve), one finds a γ-ray profile
which peaks towards the GC. As indicated by the huge dis-
persion around the median, the profile strongly depends on
the realization of both spatial and temporal distributions of
the CR accelerators since the more recent explosions have
a more significant impact on the resulting γ-ray profile. As
expected, the median of the profiles predicted if we consider
only the uniform component of the accelerators in the spa-
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Figure 4. (Top) Expected VHE γ-ray profile along the Galactic
longitude for a distribution of the SNe taking into account the
two massive clusters (blue) and for a stationary source at the GC
(red), after integrating along the line of sight and the Galactic lat-
itude b. (Bottom) Expected VHE γ-ray profile along the Galactic
longitude produced by the SNe throughout the CMZ for two spa-
tial distributions: a unique uniform distribution of the SNe in the
GC (black dashed line) and a distribution of the SNe taking into
account the two massive clusters: the Quintuplet and the Central
disk in addition to the uniform distribution (blue). The solid and
dashed lines represent the median of the 100 spatial and tempo-
ral SN distributions and the colored regions the dispersion around
this median.
tial distribution is rather flat and peaked on the well-known
molecular clouds in the GC (black dashed line on the bottom
panel of Figure 4).
The γ-ray profiles obtained from either a stationary
source or from a realistic SN spatial distribution (Figure 4,
top panel) are very similar and an increase of the γ-ray emis-
sion towards the center, as detected by Abramowski et al.
(2016), is obtained in both models. However, the profile pro-
duced by a stationary source is more peaked towards the
source itself, here assumed to be at the GC, than the one
produced by the multiple accelerators which is peaked on
the molecular clouds next to SgrA?. We then explore this
difference comparing the expected CR profiles to the one
deduced from HESS observations.
4.2.2 CR density profile
Using the work of Abramowski et al. (2016), it is possible
to directly compare the CR density profile derived from our
models with the one obtained from the H.E.S.S. data. They
extracted the VHE γ-ray luminosity within seven circular
regions of radius 0.1 degrees distributed along the Galactic
Plane. For each of these regions, they deduced the average
CR density integrated over the line of sight as a function
of the projected distance from SgrA? (at 8.5 kpc). Within
each region, the gas mass, Mgas, is estimated from the CS
emission line. They deduced the energy density of CR above
10 TeV (those producing VHE γ-rays above 1 TeV) needed
to explain the γ-ray luminosities Lγ and scaled it as Lγ/Mgas
in each of these regions. Figure 5 presents the average CR
enhancement within these regions compared with the local
CR energy density measured in the Solar neighbourhood at
those energies which is w0(> 10 TeV) ≈ 10−3 eV/cm3.
In order to compare our models with these results, we
determine the average energy density of CR above 10 TeV
along the LOS by weighting the γ-ray luminosity by our
matter distribution:
nCR(x, z) =
∫
y
Lγ(x, y, z) × n(x, y, z) dy∫
y
n(x, y, z) dy (6)
where nCR is the CR density in Galactic latitude (z) and
Galactic longitude (x), n(x, y, z) the matter density in each
pixel of the 3D box, Lγ(x, y, z) the γ-ray luminosity and y
the direction along the LOS.
With this approach, the CR density profiles for the SNe
model and the stationary source presented in Figure 5 are in-
dependent of the total molecular mass assumed in our model.
This is a significant difference with the H.E.S.S. data points
extracted in Abramowski et al. (2016), where the absolute
error on the conversion of CS line into H2 column density
has to be taken into account. This is why we have to con-
sider a correction factor between our models and the data
from Abramowski et al. (2016) due to the uncertainty on the
total mass.
Taking into account a realistic SNe and matter spa-
tial distributions provides a peaked γ-ray profile (section
4.2.1) and a pronounced CR gradient as seen in Figure 5.
The observed CR profile seems more peaked than the pro-
file predicted by SNe alone. A second VHE γ-ray compo-
nent is probably required in the central 30 pc in addition
to the SN contribution. Although a GC stationary source
alone can well explain the CR profile as already noted by
Abramowski et al. (2016), it requires negligible contribution
from SNe which is at odds with the already low acceler-
ation efficiency required to not over-produce the total γ-
ray spectrum (section 4.1). However acceleration efficiency
might be significantly different than what it is in the rest of
the Galaxy. First, if most SNe take place in the hot (kT∼1
keV) and relatively dense phase (∼1 cm3) of the GC, shock
waves should become mildly supersonic in a short amount
of time (Tang & Wang 2005). Regular efficient diffusive ac-
celeration could therefore occur over a limited time period.
Second, many SNe occur in groups and although conditions
are somewhat different from typical superbubbles (e.g. be-
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Figure 5. Average CR enhancement with distance to the GC
(see text) from Abramowski et al. (2016) in black, for a stationary
source situated at the GC in red and for the SNe model taking
into account the two massive clusters for the spatial distribution
in blue. These profiles are the mean of the profiles for Galactic
latitudes: |b | < 0.1◦.
cause of the Quintuplet cluster motion), collective effects
should also play a role (Bykov 2014).
5 CONCLUSIONS
We studied the contribution of CRs accelerated by SNRs
spread throughout the GC on the VHE emission observed
with H.E.S.S. in the inner 200 pc of the Galaxy. The in-
put power of these multiple accelerators in the GC is much
higher than the γ-ray luminosity observed with H.E.S.S..
Therefore an efficient CR escape from the region is neces-
sary regarding this high input power. Using a stationary
steady state model, we studied how the CRs escape from
the GC and we concluded that at these very high energies a
diffusive escape is dominant over an advective escape given
typical diffusion coefficient value in the ISM.
In order to study the impact of the CR accelerators spa-
tial distribution, we build a 3D model of CR injection and
diffusion with a realistic 3D gas distribution. We found that,
assuming a characteristic value of 2500 yrs for the recurrence
time of these events, the 3D models of random burst like
injection of CRs following SN time and spatial distribution
throughout the CMZ reproduce the total γ-ray flux observed
with H.E.S.S. in the GC. We have to consider a relatively low
acceleration efficiency of 2% of the kinetic energy released
from a SN explosion. The 3D spatial distribution of these
accelerators has a major impact on the morphology of the
CR density and on the resulting γ-ray VHE emission. Tak-
ing a realistic spatial distribution for the SNe composed of a
uniform component and a concentration of theses sources in
the massive star clusters of the GC, the Quintuplet and the
Central disk, creates a pronounced CR gradient and makes
the VHE γ-ray and CR profile peaked towards the GC. At
larger longitudes, the CR density produced by this model
fits the profile recently obtained by HESS. For distances in-
ferior to 30 pc from the GC, a second VHE component is
required to reproduce the very central excess on top of the
SNe contribution.
We also tested the scenario proposed by Abramowski
et al. (2016) in which a single scenario of a stationary source
at the center models the central source SgrA? since the CR
density profile they extracted from H.E.S.S. data is compat-
ible with a 1/r profile. We found a power for CR acceleration
around 1038 erg · s−1 i.e. 10% of the Bondi accretion power
as found by Abramowski et al. (2016) making this central
source a good candidate to the VHE CR acceleration in the
GC.
However, even if the excess of CR and VHE γ-ray emis-
sion observed towards the center is well reproduced by this
stationary source scenario alone, it is too simplistic to con-
clude that such a source is the only source responsible for
all the VHE emission observed with H.E.S.S. in the GC. We
have to take into account the recurrent CR injections from
the numerous SNe observed through the CMZ that explain
already the data at distances larger than 30 pc. Considering
a scenario with only SgrA? would imply to reduce the SNR
contributions of CRs to very low efficiencies. This possibil-
ity should not be excluded considering the very hot medium
where the SNe are located. It is possible to consider weakly
supersonic shocks to decrease the SN efficiency. We could
also consider a higher recurrence time for the SNe but this
seems at odds with various observations, the SN rate esti-
mated only in the central clusters beeing already high.
Taking into account the morphology of the magnetic
field observed in the GC, which is approximately poloidal on
average in the diffuse intercloud medium (Morris 2014), the
diffusion coefficient is probably anisotropic. Knowing that
we are using a conservative value for the isotropic diffusion
coefficient, we could consider an anisotropic diffusion coef-
ficient with a higher value in the direction perpendicular
to the Galactic plane: this would mechanically decrease the
contribution of SNe to the VHE signal, except if we increase
the CR acceleration efficiency. Even by increasing this dif-
fusion coefficient by a factor 4, the model is still compatible
with the H.E.S.S. data by taking an acceleration efficiency
closer to 10%.
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